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MiR-15a is underexpressed and inhibits the cell
cycle by targeting CCNEI1 in breast cancer
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Abstract. MicroRNAs (miRNAs) are a small class of non-
coding RNAs that are widely dysregulated in various cancers.
They act as either oncogenes or tumor suppressor genes in
human cancer. The purpose of this study was to examine the
expression levels of miR-15a in human breast cancer and its
potential role in disease pathogenesis. The expression levels
of miR-15a were measured by quantitative polymerase chain
reaction (QPCR) in 40 breast cancer specimens and adjacent
normal breast tissues. MTT assays, colony formation assays,
transwell chamber migration assays, cell cycle and apoptosis
assays were used to explore the potential function of miR-15a
in MDA-MB-231 human breast cancer cells. Luciferase
reporter assays were performed to validate the regulation of
a putative target of miR-15a, in corroboration with qPCR and
western blot assays. We found that the expression of miR-15a
was lower in breast cancer specimens compared with adjacent
normal tissues (p<0.05). Overexpression of miR-15a inhibited
cellular growth, suppressed migration and arrested cells at the
G1 phase, but did not promote cellular apoptosis. Luciferase
assays indicated that miR-15a can bind with its putative
target site in the 3'-untranslated region (3'-UTR) of CCNE],
suggesting that CCNEI] is a direct target of miR-15a. gPCR
and western blot analysis indicated that the overexpression of
miR-15a results in the downregulation of CCNE1 at the mRNA
and protein levels. Taken together, the upregulation of miR-15a
expression causes cellular growth inhibition, suppression of
migration and G1 phase arrest by targeting CCNEI. These
findings suggest that miR-15a may act as a tumor suppressor
gene in breast cancer and that, in the future, it could be used as
a therapeutic target for the treatment of breast cancer.
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Introduction

MicroRNAs (miRNAs) are composed of approximately 20-25
nucleotide-non-coding RNAs that may silence post-transcrip-
tional protein expression through two axes: first, by binding
to complementary target messenger RNAs to target them for
degradation; and second, inhibiting mRNA translation into
proteins (1). There has been significant evidence showing that
miRNAs regulate as many as 30% of the human protein coding
genes (2). Moreover, they can function as oncogenes or tumor
suppressor genes by altering regulation of their targets in
many cancers (3,4). Indeed, studies have shown that miRNAs
are involved in a variety of processes including tumor cell
proliferation, differentiation, and apoptosis. Moreover, their
differing expressions can lead to different human cancers
(5,6). Subsequently, miRNA research has become a hot spot in
breast cancer research whereby miRNAs are believed to have
broad prospects in terms of diagnosis and treatment of this
disease (7-10).

Recent studies indicate that miR-15a is downregulated in
chronic lymphocytic leukemia (11), prostate cancer (12), osteo-
sarcoma (13), keratocystic odontogenic tumors (14) and breast
cancer (15). Furthermore, through overexpression of miR-15a,
curcumin can reduce the expression of Bcl-2 and subsequently
induce apoptosis in MCF-7 breast cancer cells (15). However,
the mechanism by which miR-15a contributes to breast cancer
tumorigenesis is still unclear.

Cyclin El (CCNEL1), one member of the cyclin E family,
can associate with and activate cyclin-dependent kinase 2
(CDK?2). CCNETI is a positive regulator of G1/S phase transi-
tion and is essential for cell cycle re-entry from GO phase. In
many human tumors, CCNETI is overexpressed and the level of
both protein and kinase activity is often deregulated relative
to the cell cycle, as demonstrated in human breast epithelial
cells (16). One study has indicated that deregulation of CCNE1
is an early event in the development of breast cancer (17).
Furthermore, overexpression of CCNE] in patients with breast
cancer is associated with worse prognosis (18,19). CCNEI1
can be repressed by some miRNAs, for example, a study has
demonstrated the involvement of miR-16 in its regulation in
human endothelial progenitor cells (20).

In this study, we first demonstrated that miR-15a expres-
sion is significantly lower in breast cancer specimens when
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compared with that of adjacent normal tissues. Its overexpres-
sion inhibited proliferation of MDA-MB-231 breast cancer
cells, in association with inhibition of migration and disruption
of the cell cycle by targeting CCNEI. These results indicate
that miR-15a functions as a tumor suppressor gene, whose
dysregulation may be involved in the development of human
breast cancer.

Materials and methods

Specimens. In this study, 40 paired breast cancer specimens
and adjacent normal breast tissues were collected from the
Department of General Surgery of the Shanghai Tenth People's
Hospital. These samples were immediately snap-frozen in
liquid nitrogen. All samples were confirmed as invasive, ductal
breast cancer by trained pathologists. No patients received
chemotherapy or radiotherapy prior to surgery.

Cell lines and transfection. The MDA-MB-231 breast cancer
cells and HEK?293T cells used in this study were purchased
from the ATCC (Manassas, VA, USA). Cells were grown in
Dulbecco's modified Eagle's medium (DMEM; Gibco, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco), peni-
cillin (100 U/ml) and streptomycin (100 pg/ml) (Enpromise,
China). Cells were incubated at 37°C in a humidified chamber
supplemented with 5% CO,.

For transfections, cells (2x10%) were added into each well
of a 6-well plate and cultured with DMEM medium without
either serum or antibiotics. When the density of MDA-MB-231
breast cancer cells reached 30-40%, miR-15a mimics
(GenePharma Co., Ltd., Shanghai, China) and Lipofectamine
transfection reagent (Invitrogen, USA) were each diluted in
500 1 DMEM medium, at a ratio of 1 pg:3 ul and incubated
for 5 min at room temperature (RT). The two mixtures were
then gently combined and incubated for a further 20-30 min
at RT. Subsequently, 1,000 ul of the complexes were added
to each well. After 5-6 h of incubation, DMEM medium was
replaced by DMEM with 10% FBS. Cells were incubated at
37°C in a CO, incubator for 48 h prior to further testing.

Quantitative reverse-transcription polymerase chain reac-
tion (qRT-PCR). MicroRNAs were harvested according to the
instructions of the miRcute miRNA isolation kit (Tiangen,
Beijing, China). For miRNA gqPCR, the miR-15a primer, U6
primer and EzOmics SYBR qPCR kit were purchased from
Biomics Biotechnology Inc. (Jiangsu, China). The amplifica-
tion procedure was as follows: 94°C for 10 min, followed by
40 cycles at 94°C for 20 sec, 61°C for 30 sec and 72°C for
30 sec.

For quantification of CCNEl mRNA expression, total
RNA was isolated using TRIzol (Invitrogen) and cDNA was
generated by reverse transcription using the PrimeScript
RT-PCR kit in accordance with the manufacturer's instruc-
tions (Takara). Real-time PCR was performed on a 7900HT
fast RT-PCR instrument using SYBR-Green and the following
primers: CCNEL: 5"-TTTCAGGGTATCAGTGGTG-3' (sense),
and 5'-ACATGGCTTTCTTTGCTC-3' (antisense); GAPDH:
5'-AAGGTCGGAGTCAACGGATT-3' (sense),and 5'-CTGGA
AGATGGTGATGGGATT-3' (antisense). The PCR parameters
for relative quantification were as follows: 5 min at 94°C,
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followed by 30 cycles of 30 sec at 94°C, 45 sec at 57°C and
45 sec at 72°C. Each sample was tested in triplicate. The rela-
tive expression was calculated following the relative
quantification equation = 2°24T (21) .

Cell proliferation assay. Cell proliferation was assessed using
an MTT assay kit (Sigma, Santa Clara, CA, USA) in accor-
dance with the manufacturer's instructions. Briefly, ~4-5 h
after transfection of miR-15a mimics, cells administered either
50 or 100 nmol/l miR-15a mimics or negative control (NC)
were trypsinized and counted. Cells from each condition were
plated (3,000/well) in 96-well plates (BD Biosciences, USA)
and incubated at 37°C in a humidified chamber supplemented
with 5% CO,. Cell proliferation was assessed at 24, 48, 72 and
96 h. The optical density (OD) of each well was measured with
a microplate spectrophotometer at 490 nm. All experiments
were performed in biological triplicate.

Colony formation assay. After transfection with 100 nmol/I
miR-15a or NC, cells were trypsinized, counted, and seeded
for colony formation assay in 6-well plates at 300/well. During
colony growth, the culture medium was replaced every 3 days.
On the 8th day after seeding, the cells were fixed and then
stained with crystal violet, and the number of colonies was
counted. The colony was counted only if it contained >50 cells.
Each treatment was carried out in triplicate.

Transwell chamber migration assay. The transwell migra-
tion assay was performed in a 24-well transwell chamber
system. The filter was washed with the serum-free DMEM,
and placed between the lower and upper chambers. The lower
chambers contained DMEM with 10% FBS. The miR-15a or
NC transfected MDA-MB-231 cells were trypsinized, resus-
pended in DMEM with 0.1% BSA, transferred to the upper
chambers, and incubated at 37°C in 5% CO,. After 20 h, the
filter was removed, the upper surface of the filter containing
non-migrating cells was cleared using a wet cotton swab,
and the cells remaining on the underside were stained with
crystal violet. Five fields of each well were randomly gated and
counted. Then, glacial acetic acid was used to dissolve crystal
violet and the OD was measured at 573 nm. Each treatment
was carried out in triplicate.

Cell cycle and apoptosis assay. Thirty-six hours after
transfection with the miR-15a mimics, or NC, cells were tryp-
sinized and centrifuged at 1,000 rpm for 5 min, followed by
two washes in cold PBS. Then, 3.0 ml ice-cold ethanol was
added in a dropwise fashion and cells were allowed to fix
for =30 min. A total of 250 u1 0.05 g/1 propidium iodide (PI)
staining solution was added into each sample and incubated
for 30 min at RT. Cells were then analyzed on a flow cytometer
(FACSCanto™ II, BD Biosciences).

For Annexin V staining, miR-15a and NC groups of
adherent cells were harvested and incubated with Annexin V
incubation reagent (prepared by combining 10 xl 10X binding
buffer, 10 ul PI, 1 ul Annexin V-FITC and 79 ul deionized,
distilled H,O) at a ratio of 103-10 cells/100 pl for 15 min at
RT in the dark. All samples were processed by flow cyto-
metry (FACSCanto™ II, BD Biosciences). FACS analyses
were performed at least three times with reproducible results.
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Luciferase assay. We used a total PCR reaction volume of
50 ul to amplify the 3'-UTR of CCNEI containing the
predicted miR-15a binding site using the Primer star kit
(Takara), in accordance with the manufacturer's instructions.
The primers used were: 5-ATTCTAGGCGATCGCTCGAGC
CACCCCATCCTTCTCCA-3' (sense); S-TTTATTGCGGCC
AGCGGCCGCTCAAAAACAGTATTATCTTTATTAAA-3'

(antisense). Fragments were then subcloned into the Xhol site
in the 3'-UTR of firefly luciferase of the psiCHECK-2 reporter
vector. psiCHECK-2/CCNE1 3'-UTR reporter plasmids
(100 ng) were co-transfected with the miR-15a mimics or NC
(100 nmol/1) into HEK?293T cells, at 70% confluence, using
Lipofectamine 2000 (Invitrogen), according to the manufac-
turer's instructions. After 30 h, cells were lysed and reporter
activity was assessed using the Dual-luciferase reporter assay
system (Promega, USA) in accordance with the manufacturer's
protocol. Firefly luciferase activity was normalized to renilla
luciferase activity.

Western blot analysis. The protein expression levels were
detected by western blotting. Whole cell protein extracts [lysis
buffer: 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1% NP40,
1 mM phenylmethylsulfonyl fluoride, and 19 mM protease
inhibitor cocktail (Sigma-Aldrich, USA)] were quantified by
bicinchoninic acid assay (Pierce, USA). Protein samples were
separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto nitrocellulose membranes
(Beyotime, China). Immune complexes were formed by incu-
bation of membranes with primary antibody (Epitomics, USA)
overnight at 4°C. Blots were washed and incubated for 1 h
with horseradish peroxidase-conjugated anti-rabbit secondary
antibody. Immunoreactive protein bands were detected using
an Odyssey Scanning system.

Statistical analysis. Data are presented as the mean + standard
error of mean from at least three independent experiments.
The two-tailed t-test was used to draw a comparison between
groups. The null hypothesis was rejected at the 0.05 level.

Results

Expression of miR-15a is decreased in human breast cancer.
To investigate the expression level of miR-15a in breast cancer,
we analyzed levels of miR-15a in 40 paired invasive ductal
breast cancer specimens and associated normal adjacent
tissues by qRT-PCR. As depicted in Fig. 1, the 2% value of
miR-15a was significantly decreased in breast cancer tissues
(2.125+0.096) compared with that of normal adjacent tissues
(9.570+0.337) (p<0.05).

Suppression of breast cancer cell proliferation by miR-15a. To
explore the potential impact of miR-15a on the proliferation of
breast cancer cells, miR-15a mimics were used and viability
was measured by the MTT assay in MDA-MB-231. Compared
with the NC group, miR-15a significantly repressed the growth
of breast cancer cells. Suppression of cell growth by miR-15a
was time- and dose-dependent, whereby miR-15a at a concen-
tration of 100 nmol/l at 72 h showed the greatest inhibitory
effect (p<0.05) (Fig. 2). Proliferation was also assessed by
colony formation assay (Fig. 3). We found that the number of
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Figure 1. miR-15a is significantly decreased in breast cancer tissues. The
mRNA expression of miR-15a was measured by gqRT-PCR in breast cancer
tissues and adjacent normal breast tissue. Graph represents the 244 values
+ SEM, "p<0.05.
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Figure 2. miR-15a inhibits cell proliferation. The MTT assay was performed
to monitor the proliferation level of MDA-MB-231 breast cancer cells after
transfection with control (NC) or miR-15a mimics at the indicated concen-
trations. The optical density of each well was measured at the indicated
time-points at 490 nm with a microplate spectrophotometer. Graph repre-
sents OD 490 nm + SEM, "p<0.05.

colonies of the miR-15a group was 56.25+4.151, which was
significantly less than that of the NC group (100.8+2.175)
(p<0.05). Thus, these data suggest that miR-15a significantly
suppresses the proliferation of MDA-MB-231 breast cancer
cells.

miR-15a inhibits migration of MDA-MB-231 cells. The
transwell migration assay is a useful method to investi-
gate migratory ability. Our results showed that 20 h after
transfection the number of migrating cells in the miR-15a
group was less than that in the NC group. Furthermore, the
OD 573 nm values, derived by solubilization of crystal violet
staining, revealed a significant decreased from 0.497+0.009
to 0.229+0.010 (p<0.05) in the NC and miR-15a groups,
respectively. These data indicate that the migratory ability of
MDA-MB-231 cells might be inhibited by miR-15a (Fig. 4).
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Figure 3. Colony formation assay. (A) Representative images of crystal violet
stained colonies in MDA-MB-231 cells transfected with miR-15a or NC.
(B) Quantification of the clone numbers, “p<0.05.

miR-15a disrupts the cell cycle of MDA-MB-231 cells.
Thirty-six hours after the transfection of miR-15a mimics
(100 nmol/l), flow cytometry analysis revealed that the
percentage of GO/GI1 phase cells (54.88+0.175%) dramatically
increased in the miR-15a group, when compared with that of
the NC group (46.16+0.182%) (p<0.05), while the proportion of
S-phase cells decreased in the miR-15a group (31.30+0.116%)
compared with that of the NC group (36.62+0.205%) (p<0.05).
The percentage of G2/M phase cells also decreased in the
miR-15a group (13.71+£0.229%) compared with that of the NC
group (17.23+0.076%) (p<0.05). These findings suggest that
miR-15a can initiate GO/G1 phase arrest and that upregulation
of miR-15a expression could lead to the reduction of S-phase
and G2/M phase cells (Fig. 5). However, our data indicate that
there was no difference in apoptosis between the miR-15a and
NC groups (Fig. 6).

MiR-15a regulates CCNEI expression by targeting CCNEI in
MDA-MB-231 cells. To validate the possibility that miR-15a
may target CCNEI in breast cancer cells we first searched for
putative targets using the miRanda, targetscan and miRBase
databases. We found a potential binding site for miR-15a in
the 3'-UTR of CCNE1 mRNA, which was located 247-254 bp
downstream from the 5'-end of the CCNEI1 3'-UTR. We then
cloned the putative binding site into a luciferase reporter
construct and used it to measure the effects of miR-15a mimics
in MDA-MB-231 cells. We found that luciferase activity was
significantly lower in cells co-transfected with psiCHECK-2/
CCNEL1 3'-UTR and miR-15a, when compared with that of
co-transfection with NC (Fig. 7) (p<0.05). Thus the results of
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Figure 4. miR-15a inhibits the migration of MDA-MB-231 breast cancer
cells. Cell migration ability was analyzed by the Transwell chamber assay
20 h after miR-15a, or NC transfection. (A) Representative images of crystal
violet stained MDA-MB-231 migratory cells transfected with miR-15a or NC.
(B) Quantification of the migratory cells by solubilization of crystal violet
and spectrophotometric reading at OD 573. Data represent mean + SEM,
“p<0.05.

this experiment show that miR-15a could directly interact with
the CCNEI1 3-UTR fragments of the psiCHECK-2 reporter
plasmid, which could lead to the degradation of renal lucif-
erase mMRNA. Moreover, we performed qPCR and western blot
analysis. QPCR indicated that CCNE1 expression was signifi-
cantly lower in the miR-15a mimics group compared with that
of the NC group, with relative expression levels of 1.957+0.050
and 5.335+0.169 (p<0.05), respectively (Fig. 8A). In western
blot analysis, CCNEI protein expression was also significantly
decreased by the overexpression of miR-15a (Fig. 8B).

Discussion

Breast cancer is one of the most common malignant tumors
in women. Besides surgery, chemotherapy is the major thera-
peutic method. However, there are still patients that exhibit
resistance to chemotherapy, as demonstrated through early
recurrence and metastasis, leading to poor prognosis. This is
especially true for triple-negative breast cancers (22), which
do not express estrogen receptor, progesterone receptor or the
human epidermal growth factor receptor-2. In this case, it is
particularly important to explore new treatments. Currently,
the search for novel therapeutic agents for breast cancer is one
of the hot topics of breast cancer research (23-25).

In this study, we examined the expression level of miR-15a
in human breast cancer and its potential role in disease patho-
genesis. First, we detected the expression level of miR-15a
in human breast cancer specimens by qRT-PCR. The results
showed that miR-15a was significantly lower in breast cancer
tissues than in normal breast tissues. Similar findings have
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Figure 5. Cell cycle distribution. (A) Cell cycle distribution was analyzed by flow cytometry 36 h after transfection of MDA-MB-231 breast cancer cells with
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Figure 6. Apoptosis analysis of cells transfected with miR-15a. Cells transfected with miR-15a or NC were stained with PI and analyzed by flow cytometry.

been reported in other cancer types (11,12), which indicates
that downregulation of miR-15a is common in human cancer
specimens and cell lines. Next, we transfected miR-15a
mimics into MDA-MB-231 cells to generate its overexpres-
sion. This led to significant inhibition of cellular proliferation
as measured by MTT, as well as a reduction in the colony
number as determined by clone formation assay. These two

experiments indicate that miR-15a represses the growth of
breast cancer cells. Using the transwell migration assay, we
found that the overexpression of miR-15a in breast cancer
cells could suppress their migratory ability. We found that
miR-15a distinctly arrests cancer cells at the Gl phase when
compared with the cell cycle of NC groups. However, our
study found no significant difference in apoptosis between the
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Figure 7. CCNE] is a direct target of miR-15a. (A) The binding site for miR-15a in the 3'-UTR of CCNEI mRNA. (B) The relative luciferase activity (renilla/
firefly) was measured in MDA-MB-231 cells after co-transfection of the CCNEI luciferase construct with either miR-15a or NC, "p<0.05.
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Figure 8. miR-15a inhibits CNNEI expression. qRT-PCR (A) and western blot (B) analysis of CCNEI mRNA and protein levels, respectively. $-actin was used

as a control for loading the western blots (B).

miR-15a and NC groups. The vitality of cancer cells is very
strong, thus we speculate that this is one possible reason why
miRNA-15a could not promote apoptosis.

To investigate the downstream targets of miR-15a that
may play a role in mediating its cell function, we searched
for putative targets using the miRanda, targetscan and
miRBase databases. Through luciferase assays, we predicated
CCNEI as a direct target of miR-15a in MDA-MB-231 cells.
Additionally, we found that both the mRNA and protein levels
of CCNEI1 were significantly lower in miR-15a than those in
NC groups. These findings support the prediction that CCNE1
is a downstream target of miR-15a.

Collectively, our findings suggest that miR15a can disrupt
the cell cycle by targeting CCNE1 in MDA-MB-231 cells. We
show that its overexpression can reduce cell proliferation and
inhibit the migratory ability of cancer cells. Thus, it may be
concluded that miR-15a acts as a tumor suppressor gene in
breast cancer. Moreover, the luciferase, qPCR and western blot
assays illustrate CCNEI as a downstream target of miR-15a.

The artificial upregulation of miR-15a using CCNEI as a
therapeutic agent could offer a promising new direction for
future breast cancer treatment.
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